Novel Sn(IV) complexes with the guanidine-quinoline hybrid ligand DMEGqu are reported. With SnCl 4 , SnBr 4 , Me 2 SnCl 2 , Me 2 SnBr 2 , and the 3,5-di-tert-butyl-catecholate coligand complexes with different donor sets were synthesized. Four of these tin compounds have been modelled by density functional theory. Additionally, a tetranuclear Sn(IV) oxocluster with a novel structure motif, a distorted hetero-adamantane with bridging oxido and hydroxido ligands, is presented.
Introduction
Since 1969 adducts of tin(IV) with pyridine are known [1] , and hitherto coordination compounds with numerous N-donor ligands have been characterized [2 -7] . In addition to the N-donor function, mixed complexes with other donors like oxygen, sulfur or with organotin precursors are commonly found [2 -7] . Among the N-donor ligands, C=N double bonds prevail with the scope spanning simple imines, Schiff bases and amidinates, as well as heterocyclic nitrogen ligands containing pyrazoles, imidazoles, pyridine and related compounds. Besides kind and strength of donor, also the denticity of the ligand is variable, commonly ranging from mono-to tridentate. With a tetradentate ligand, Fukuzumi and Kojima recently reported on an octahedral Sn(IV) dodecaphenylporphyrin complex being only one in a large series of complexes with porphyrin derivates [8] . Octahedrally coordinated Sn(IV) complexes with Schiff base ligands and an additional quinoline donor function were reported by Shibahara et al. [9] . Di-and triorganotin(IV) complexes with Schiff bases, bipyridine and phenanthrolines have been studied on behalf of their biological relevance, such as nematicidal, insecticidal and antifertility activities [10] . Complexes with ligands combining different donor types lead to a great variety of donor sets and coordination geometry. Besides the sixcoordinate octahedral geometry, trigonal-bipyramidal (five-coordinate) and pentagonal-bipyramidal (sevencoordinate) geometries have been reported [11, 12] .
In spite of the large number of known Sn(IV) complexes with N-donor ligands, a search of the Cambridge Structural Database yielded no results of Sn(IV) complexes with neutral guanidine ligands. Several complexes with anionic guanidinate ligands were found [13, 14] , but the Sn(IV) coordination chemistry with neutral guanidines seems to be completely unexplored.
Guanidines have proven to be a versatile ligand class suitable for stabilization of various transition metals in both high and low oxidation states [15 -19] . The combination of the guanidine moiety with further aliphatic or aromatic N-donor functions leads to the hybrid guanidine ligand class, which allows adjusting the donor moieties to the electronic situation of a central metal atom. Thus, it is possible to distribute a high formal charge of a central metal atom within the guanidine moiety by delocalization of the C=N double bond, or to stabilize an electron-rich central metal atom by allocating electron density to the electron-deficient aromatic N-donor function of the quinoline [15 -19] . The nature of the central atom influences on the nitrogen-metal bond lengths. For Sn(IV) with its high formal charge, the involvement of the guanidine in the binding situation should be greater than for a low-valent transition metal.
Here we present complexes of the guanidinequinoline hybrid ligand N-(1,3-dimethylimidazolidin-2-ylidene)quinoline-8-amine (DMEGqu) [20, 21] ( Fig. 1 ) with tin in its oxidation state +4 which represent the first tin guanidine compounds reported so far. As starting compounds SnCl 4 , SnBr 4 , Me 2 SnCl 2 , and Me 2 SnBr 2 were used.
Furthermore, the molecular structure of a novel tetranuclear Sn(IV) oxocluster is presented. The four chemically equivalent Sn atoms are coordinated by four bridging oxido and two additional hydroxido ligands, thus forming a distorted hetero-adamantane cage. Additionally, the Sn atoms are coordinated by the bidentate N-donor ligand DMEGqu, rendering this cluster the first reported adamantane-like structure in tin coordination chemistry. [22] . The molecular structures of these complexes were determined via single-crystal X-ray structure analysis. Additional characterization was accomplished with IR spectroscopy, mass spectrometry and elemental analysis.
Results and Discussion

Synthesis and molecular structures of hybrid guanidine tin complexes
Furthermore, we present the structure of the tetranuclear dicationic tin oxocluster [(Sn(DMEGqu)Br) 4 (µ 2 -O) 4 The coordination geometry in all complexes is best described as distorted octahedral. The Sn atom is coordinated by the imine and the quinoline N-donor function of the hybrid guanidine ligand DMEGqu, the other coordination sites are occupied by four chlorido (C1), two methyl and two chlorido (C2) or two methyl and two bromido ligands (C3) (Fig. 2) .
The Sn-N bond lengths in C1 are considerably shorter than in the complexes with methyl-substituted Sn centers. This is explained by the smaller electronegativity of the methyl groups compared to the halido ligands, leading to a higher positive charge of the Sn atom in C1 and thus to a stronger coordination of the DMEGqu ligand. In the crystal structures of the complexes C1 and C3 there is a significant difference between the Sn-N imine bond lengths (2.150(2)Å, C1; 2.239(3)Å, C3) and the Sn-N qu bond lengths (2.209(2)Å, C1; 2.333(3)Å, C3) with the Sn-N imine bonds being shorter. In C2 the Sn-N bonds are equally long (2.319(3), 2.322(3)Å). In C1 and C3, we observe with different Sn-N bond lengths also different Sn-X bond lengths. The coordinating N atoms of the plained by the smaller positive charge on the Sn atom in C2. The methyl substituents are in a trans position to each other. In the catecholate complex (C4) two coordination sites are occupied by the donor functions of the dianionic 3,5-di-tert-butylcatecholate ligand (3,5-DBCat) and further two by chlorido ligands (Fig. 3) . The complex crystallizes with 1.5 tetrahydrofuran molecules in the asymmetric unit. In C4 with a SnN 2 O 2 Cl 2 donor set, equal ligands are cis-positioned. Likewise to C1 and C3, the Sn-N imine bond is shorter than the Sn-N qu bond (2.142(3) vs. 2.223(3)Å). The C cat -O bond lengths (1.331(4) -1.370(5)Å) are in good agreement with C-O single bond lengths in other catecholate complexes [24] .
The tetranuclear tin oxocluster (C5) exhibits a distorted hetero-adamantane cage, with the Sn atoms connected via two µ-oxido bridges and one µ-hydroxido group each (Fig. 4) . This structural motif is not yet known in the literature: Related motifs are found for Sn 4 S 6 adamantanes [25, 26] , and there is one example for a Sn 4 O 6 adamantane published by Roesky et al. [27] . The structure presented herein differs in two ways: first, two bridging hydroxido ligands lead to a loss of symmetry, and thus to a considerable distortion of the adamantane skeleton. Secondly, the Sn atoms in reported examples possess organic substituents and are four-coordinate, whereas in the presented oxocluster the Sn atoms are six-coordinate by the bidentate N-donor ligand DMEGqu and an additional bromido ligand. The adamantane core of the compounds of Roesky et al. is regular and highly symmetric and possesses the point group T . The asymmetric unit contains only 1/12 of the whole molecule. The Sn atoms are four-coordinate, with three equivalent bridging oxygen atoms and a terminal tris(trimethylsilyl)methyl group showing distorted tetrahedral geometry. The Sn-O bond lengths are all equal and amount to 1.968Å [27] . The oxocluster C5 is far less symmetric. There is a C 2 axis which is coaxial with the O-H bonds of the hydroxido ligands, so that two of the four Sn atoms and their coordination spheres are symmetrically equivalent. Each Sn atom is six-coordinated. The coordination sites which are not part of the adamantane cage are occupied by the DMEGqu and a bromido ligand.
With respect to the coordinative situation of the DMEGqu ligand, the oxocluster C5 shows similarities to the other complexes presented here. The Sn-N imine bonds (2.184(4), 2.191(4)Å) are shorter than the Sn-N qu bonds (2.234(4), 2.214(4)Å), and both are longer than the corresponding bonds in C1 and C4, In known complexes with the DMEG guanidine moiety, the torsion of the N amine C 3 planes versus the C gua N 3 plane, also known as the intra-guanidine twist, is less pronounced than in similar complexes with other guanidines due to the bridging ethylene group of DMEG. In the literature, for transition metal complexes torsion values of about 12 • are found [16, 20] . However, in the presented structures a more pronounced planarity of the DMEG moiety is observed [23] . For calculation of ρ, the formula ρ = 2a/(b + c) applies, where a is the C=N bond length and b and c are the C-NR 2 bond lengths. In case of a total delocalization of the double bond within the guanidine moiety, ρ is equal one. The ρ value of the presented complexes is extremely high and correlates well with the high formal charge on the central Sn(IV) atoms. The structure parameter values of ρ correlate with the torsion values of the intra-guanidine twist, as shown in Fig. 5 . With increasing planarity of the guanidine moiety the delocalization of the double bond within the C gua -N amine bonds also increases, and the double bond character of the C gua -N imine bond decreases.
Theoretical description of the geometries of Sn(IV) hybrid guanidine complexes
To obtain an adequate theoretical description of the synthesized Sn(IV) guanidine complexes a structural benchmarking was accomplished. Therefore the structures of the complexes [Sn(DMEGqu)Cl 4 ] (C1) and [Me 2 Sn(DMEGqu)Cl 2 ] (C2) were optimized with various density functionals, and the results were compared with experimental data from Xray analyses. The pure GGA (general gradient approximation) functionals BLYP and BP86 as well as the hybrid GGA B3LYP [22 -31] were chosen for comparison. The Sn atoms were described with the electronic core potentials (ECPs) and basis sets from the Ahlrichs (def2-SVP, def2-TZVP) [32, 33] , Hay and Wadt (LANL2DZ) [34] and the Stuttgart (ECP46MWB VTZ) [35] groups. The description of the first and second row atoms was performed with Pople basis sets (6-31G(d), 6-311G(d) [36] . Selected bond lengths and angles of the calculated structures are summarized in Tables 3 and 4 . For reasons of comparison the relative deviation from experimental values is given.
The DFT results show that the theoretical description of the complexes C1 and C2 via use of double-ζ und triple-ζ basis sets developed by Pople and Ahlrichs exhibits considerable deviation from the experimental values. The Sn-N bond lengths are altogether overestimated and the Sn-N imine bond lengths are predicted with higher values than the Sn-N qu bond lengths, whereas for C1 the inverse case is observed and for C2 no relevant difference in Sn-N bond lengths is found. The deviations in Sn-N imine bond lengths amount to 7.4 -12.0 % for C1 (13.5 -25.4 %, C2), while for Sn-N qu bonds deviations of 3.7 -6.4 % for C1 (8.0 -13.9 % for C2) have been found. Overall, cal- culations with the hybrid GGA B3LYP provide the best results.
The description of the C-N bonds of the guanidine moiety is more accurate, with deviations of −1.6 to 3.4 % (C1) and −3.0 to 3.4 % (C2). However, the much longer C gua -N imine as compared to the C gua -N amine bond lengths are not predicted correctly with Pople and Ahlrichs basis sets but only at the relatively simple level of theory B3LYP/LANL2DZ. The best description of the Sn-N bond lengths is also achieved with LANL2DZ. A combination of LANL2DZ with a Pople basis (6-31G(d)) for the lighter atoms did not provide better results, as well as the use of the Stuttgart pseudopotential ECP46MWB VTZ. Hence, the coordination situation of tin guanidine complexes seems to be a theoretical challenge: Only the sim- ple LANL2DZ basis describes it reasonably well -by chance.
The structures of the complexes C1-C4 were optimized at the B3LYP/LANL2DZ level of theory. Harmonic frequencies of the optimized structures were calculated in order to confirm the nature of the stationary points. For C3 and C4 as well, good accordance to crystal structure data was found. Selected bond lengths are summarized in Table 5 .
IR spectroscopy and vibrational analysis
For the complexes C1-C4 vibrational analyses were performed with B3LYP/LANL2DZ. The results were compared to experimental infrared spectra. In Table 6 , characteristic frequencies are listed with their theoretical assignment to specific vibrational modes. For reason of clarity, we have focused on the most intense bands. Especially, the guanidine-derived bands have been thoroughly analyzed: They can be dissected into the stretching and deformation modes of the C-N bonds and in-plane combinations thereof (Scheme 4). Thus, for C1 the IR band at 1599 cm −1 has been assigned to the stretching (ν) mode of the C-N bond, while the band at 1468 cm −1 stems from the stretching (ν) mode of the C=N double bond. The band at 1238 cm −1 has been assigned to a deformation (δ ) Scheme 4 . Vibrational modes of the guanidine moiety.
mode of the CN 3 moiety of the guanidine, and two further bands at 1408 and 1026 cm −1 have been assigned to combinations of stretching and deformation of the CN 3 moiety and the ethylene spacer of the DMEG group (guanidine ip A, B). All of these modes lie in the approximated plane through the DMEG, and are marked as in-plane (ip). In-plane stretching modes of the quinoline ring system are predicted in a relatively wide range (approx. 1550 -1300 cm −1 ) and can be assigned to several prominent IR bands of C1 (1554, 1506, 1381 and 1302 cm −1 ). Several C-H stretching modes are predicted for wavenumbers > 3000 cm −1 , and C-H deformation modes can be assigned to the bands at 1331 (guanidine) and 858 cm −1 (quinoline). For C2 and C3, additional C-H deformation modes of the methyl substituents of the Sn atom are found at about 1270 cm −1 . For C4, the 3,5-ditert-butylcatecholate ligand (DBCat) gives rise to additional C-C stretching and deformation modes around 1200 -1300 cm −1 , as well as a C-O stretching mode, which can be assigned to the IR band at 980 cm −1 . Overall, qualitatively good accordance of the theoretical results with the experimental data has been achieved. The quantitative accordance is limited due to the small basis set yielding slightly too large wavenumbers. Frequency scaling with the typical scaling factor for B3LYP/LANL2DZ of 0.9978 [37] does not lead to 
Conclusion
The presented neutral Sn(IV) complexes are the first tin complexes with guanidine ligands. Thus we were able to show that guanidines are versatile ligands not only for transition metals but also for main group metals.
With Additionally, a novel tin oxocluster [(Sn(DMEGqu) Br) 4 (µ 2 -O) 4 (µ 2 -OH) 2 ]Br 2 · 2MeCN (C5) was obtained with a structure where four Sn atoms are arranged in a distorted, adamantane-like cage, bridged by four oxido and two hydroxido ligands. Each tin(IV) center is additionally coordinated by the hybrid guanidine DMEGqu.
Selected complexes were modelled via density functional theory methods. In order to obtain a reasonable theoretical description, several functional/basis set combinations were evaluated. In spite of the simplicity of the ECP basis set combination LANL2DZ, it was found that the best description of the complexes C1 and C2 was achieved with B3LYP/LANL2DZ. A detailed computational analysis of the guanidine vibration modes within the complexes C1-C4 has been provided.
Experimental Section
All reactions were carried out in a glove box or under Schlenk conditions in an inert gas atmosphere. All solvents were dried and degassed before utilization according to standard procedures [38] . The utilized chemicals were purchased from the companies Fluka, Sigma-Aldrich, Acros and abcr, and were used without further purification. 4 ] were obtained which were too small for X-ray analysis. Instead red crystals which precipitated from the solution on air were isolated in small yield. The complex was identified as the Sn(IV) oxocluster [(Sn(DMEGqu)Br) 4 (µ 2 -O) 4 (µ 2 -OH) 2 ]Br 2 · 2MeCN (C5).
Details of density functional theory calculations
All studies were carried out at the density functional level with the program GAUSSIAN 09 [39] . Employed functionals, basis sets and electronic core potentials are listed in the DFT section [28 -34, 36] . For viewing and preparation purposes the program GAUSSVIEW 5.0 was used.
X-Ray structure determinations
Crystal data and numbers pertinent to data collection and structure refinement of the crystal structure determinations of the complexes [Sn(DMEGqu) Table 7 . Data were collected on an Oxford Diffraction XcaliburS diffractometer using the Programs CRYSALIS and CRYSALIS RED [40] . The structures were solved using Direct Methods (SHELX-90) [41] , structural refinement was done with SHELXL-97 [42] . In C4 one half THF molecule was found to be disordered. As it was not possible to model the disordered solvent molecule in an adequate manner, the data set was treated with the routine SQUEEZE of PLATON [43, 44] .
CCDC 926299 (C1), 926300 (C2), 926301 (C3), 926302 (C4) and 926303 (C5) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
